Abstract -The use of ab initio molecular orbital calculations in the unaerstanding of the low energy photoelectron spectra of transition metal complexes is discussed. The role of orbital relaxation and correlation effects are illustrated by considering carbonyl and arene complexes, and complexes having chromium and molybdenum multiple bonds, respectively.
INTRODUCTION
During the past decade molecular photoelectron (p.e.) spectroscopy has been the most successful experimental technique for studying molecular electronic structure. With this tool, the whole manifold of molecular ionization potentials (i.p.) arising from both the core and valence electrons can be measured. For closed-shell molecules such measurements may be directly correlated with the orbital energies obtained from self-consistent field molecular orbital (SCF~MO) calculations, via the much-used Koopmans' theorem. For open shell molecules the situation is rather more complicated but here too Koopmans' theorem is applicable in certain instances. Thus, it is possible, at least in principle, to obtain directly from experiment an orbital energy diagram for the molecule in question.
In this lecture I shall first discuss the general interpretation of p.e. spectra by means of ab-initio methods followed by the application of these methods to some specific examples of transition metal complexes.
THEORETICAL BACKGROUND
By the use of the orbital approximation the closed-shell ground state wavefunction ~ of a 2n-electron molecule may be written in terms of n doubly occupied spin orbitals $ The approximat:lons in the use of Koopmans' theorem to interpret i. p. s are thus twofold i) It is assumed that the orbitals, i, of the molecule are appropriate for the various states of the ion, and ii) Differences in correlation error between the molecu~e and ion are neglected.
The first approximation, the neglect of orbital relaxation upon ionization leads to an overestimation of the i.p., whilst the neglect of correlation energy (ii), which is generally larger in the unionized than in the ionized molecule will usually lead to an underestimation of the i.p. Thus, the effect of these two approximations being in opposite directions accounts for the frequent success of Koopmans' theorem. However, when i.p.s are quite close together, Koopmans' theorem may give an incorrect erdering of the i.p.s, the well-known cas2 being N 2 where this approximation predicts the ground ionic state to be rr whilse the inclusion of 7or~elation effects is necessary to predict the coPrect ionic ground state, E the i.p.s of H 0 (2). It can be seen that whereas the relaxation energies associated witß the valence electron ionization are near 2eV, much larger relaxation energies are associated with core electron ionization. Such relaxation energies are an order of magnitude larger than the chemical shifts that are commonly observed in ESCA spectra, so ·that they must be carefully considered when such chemical shifts are theoretically interpreted.
So far we have discussed p.e. spectra in terms of the independent particle picture. That is to say, each peak in the p.e. spectrum corresponds to an orbital occupied in the molecular ground state. However, there are numerous ionic states which may be described in terms of an orbital model in which orbitals that are unoccupied in the unionized molecule, are occupied in the ion. To investigate whether such "shake-up" or satellite states can be observed experimentally we must look at the expression for the intensity (I} of photoelectron peaks.
Here '1'(2n) and 'l'(~n-1) are the 2n and (2n-l) wavefunctions for the unionized and ionized molecule respectively, and 'I' is that of the outgoing electron. Briefly, it follows that if Koopmans' theorem is us~d, then for I to be non-zero '1'(2n-1J can differ from '1'(2n) by only one spin-orbitali ie. there is a one-to-one correspondence between the p.e. peaks and the orbitals occupied in the ground state. However, if relaxation effects are considered (ie. '1'(2n) and '1'(2n-l) are constructed from different one-electron orbitals), or if correlation effects are included so that '1'(2n) and/or '1'(2n-1J are multi-determinantal functions, then the transition to shake-up states may have observable intensities. Such shake-up peaks have been observed in a variety of small molecules (e.g. H 2 o, CO, N 2 J (3) mainly associated with core-electron ionization, due to tfie larger relaxation energies arising from core thah from valence electron ionization. To interpret such satellite spectra, accurate treatments of both relaxation and correlation effects are necessary, but using configuration interaction (CI) techniques, this is now possible, the results of such a calculation on CO being shown in Table 2 (4) • counterpart in the spectra of free CO. Such shake-up peaks clearly thus involve both the metal and ligand orbitals, and can again be interpreted by . means of CI calculations (6f. However, in this lecture I shall confine myself to a more detailed discussion of the interpretation of valence p.e. spectra of transition metal complexes, although high energy p.e. spectroscopy (ESCA) has also been valuable in investigating the bonding in transition metal complexes.
VALENCE PHOTO-ELECTRON SPECTRA OF TRANSITION METAL COMPLEXES
There are, of course, many instances where the transition metal complexes themselves are too large to be treated by accurate ab-initio methods. However, in these cases a study of the electronic strricture of the ligand itself, and simple "complexes" of it, not involving a transition metal, is often useful in understanding the p.e. spectrum of the complex. To illustrate such a situation I shall discuss the p.e. spectra of PF 3 , PF 3 o and the transition metal complexes Ni(PF 3 ) 4 and Pt(PF 3 ) 4 • For many smaller transition metal complexes ab-initio calculations are pos-, sible but here it is frequently found that Koopmans 1 theorem leads to an incorrect assignment of the p.e. spectrum. To illustrate this feature I shall describe calculations on transition metal carbonyls and ferrocene. The final part of my discussion of valence p.e. spectra will be concerned with the very topical area of understanding multiple metal-to-metal bonds.
The bonding and photo-electron spectra of Ni (PF3l4 and Pt (PF 3 )4 Tne ligand properties of phosphines are generally discussed in terms of a-donation from the highest filled m.o. of the ligand, of predominant phosphoraus lone pair character and n-back bonding into the first ligand virtual orbital of mainly phosphorous 3d character. Such a bonding scheme may be investigated by consideration of the p.e. spectra of PF and PF 0 coupled with ab-initio calculations on these molecules (7). I~ Table. ;we show the measured i.p.s of these molecules, together with tneir assignments, which are substantiated by the results of ab-initio calculations (Table 4) . (la 2 -7a 1 ) are predominanely fluorine 2p character and are shifted to 1-l.S ev higher i.p. on formation of the P-0 bond. Thus, cr-donation results in a stabilization of the highest cr m.o. in PF 1 on complex formation, there being a net decrease in electron density on the fluorine atoms resulting in an increase in the F 2p i.p.s. The delocalization of the lone pair electrons is also evident in the decrease in P-F bond length from l.S7 to l.S2 ~ on complex formation owing to the P-F antibonding character of the 8a 1 (phosphorous lone pair) orbital of PF 3 • These considerations allow an interpretation of the p.e. spectra of Ni(PF 3 ) 4 and Pt(PF 3 ) 4 shown in Fig. 2 correspond to ionization from the orbitals of mainly metal d-character of t and e symmetry. The remaining i.p.s have COUnterparts in the free lfqands, that at 13.2 ev in the nickel and at 14.5 eV in the platinum complex correspond to ionization from orbitals that correlate with the phosphoraus lone pair orbital (at 15.7 eV in PF 3 o). The lowerinq of the orbital enerqy is thus substantially qreater in the platinum than in the nickel complex indicatinq a qreater deqree of cr-donation in the former. This is in accord with the increased t 2 -e splittinq in the platinum complex, for the t 2 metal orbital has a cr-antibonding component involving the phosphoraus lone pair orbitals, which will be greater the larger the cr-donation. This greater cr-donation in Pt(PF 3 ) 4 than in Ni(PF 3 ) 4 also correlates with the P-F bond lengths, that in tne platinum complex (1.546 R> being less than the value in the nickel complex (1.561 R). The spectra show very little difference between the i.p.s of the fluorine 2p electrons (at 16-19 eV) on complex formation, suggesting, that unlike the Situation in PF 0, the degree of cr -donation in both molecules is compensated by 11 -bac~ bonding.
This conclusion, coupled with the larger lone pair i.p. in the platinum complex suggests the extent of the delocalization by both mechanisms to be greater in the platinum than in the nickel complex.
Orbital relaxation effects in the interpretation of the P.E. spectra of transition metal complexes Deviations from Koopmans' theorem, which occur for large numbers of transition metal complexes can be illustrated by first considering the spectra of simple transition metal carbonys (9). The valence p.e. spectrum of Ni(C0) 4 (Fig. 3) shows two low energy peaks at 8.9 and 9.8 eV which can be assigned on intensity grounds to the triply degenerate 2 T 2 and doubly degenerate 2 E states of Ni(Co)! respectively arising from ionization of the 9t 2 and 2e orbitals of mainLy nickel 3d character. As for most transition metal complexes the large number of electrons (particularly valence electrons) precludes an ab-initio SCF-MO calculation near the Hartree-Fock limit. However, it is-possible to perform a calculation with a basis of near minimal or double zeta quality for the valence orbitals yielding i.p.s for the 9t 2 and 2e orbitals (using Koopmans' theorem) of 10.8 and 12.8 (10), and 11.7 and 13.5 eV (9) respectively depending upon the basis used. Thus, although the absolute values of the i.p.s differ by about 1 eV an change of basis, the calculated t 2 -e Splitting is close to 2 eV in both calculat~ons, twicz the experimental splitting. Direct SCF calculations (9) of the T 2 and E ionic states (ßSCF method), thus allowing for orbital relaxation upon ionization yields i.p.s of 7.0 and 7.8 ev for the ~t 2 and 2e m.o.s, a splitting in essentially exact agreement with the experimental value (0.87 eV). The energy associated with such orbital relaxation is thus large, 4.7 eV for the 9t m.o and 5.7 eV for the 2e, these orbitals having 74% and 90% metal character respectively. Turning now to the substituted carbonyl, Fe(C0) 2 (NO) 2 , the low energy region of the valence p.e. spectrum (Fig •. 3) shows three peaks with approximate intensity ratios 1:2:2 covering an energy range of less than 1 eV. In contrast, the first five orbital energies span a range of 7 eV (Table 5) . Thus, an the basis of Koopmans' approximation there is no satisfactory interpretation of the p.e. spectrum. However, as in the case of Ni(C0) 4 there is a large orbital relaxation associated with ionization from the predominantly metal orbitals, 6b 2 , 9a 1 , 3a 2 , whilst the relaxation ene~y associated with the primarily 11gand orbi~als 6b 1 , 10a 1 , 5b 2 is much smaller (Table 5 ). This leads to the energy spread of these five ionic states being calculated to be only 2 eV, much less than the Koopmans' theorem value of 7 eV and close to the experimental value of 0.8 eV. The assignment of this first group of bands given by the ßSCF calculations is as follows. The low energy shoulder at 8.56 eV to the 6b m.o. (mainly metal), the peak at 8.97 eV to the 6b 1 and 1oa 1 m.o.s. both gf mainly ligand (NO) character, and the peak at 9.74 ev to the other two metal orbitals 9a 1 and 3a 2 • In this molecule, there is a thus a change in the erdering of the ion1c states from that given by Koopmans' theorem.
A more dramatic failure of Koopmans' theorem arises in the case of ferrocene, where the first four i.p.s. are assigned to e 2 (3d), a 1 (3d), e 1 (w-Cp) and e 1 gtw-Cp) respectively (11) (Fig. 4) . Thui an the Basis of u (11) 7 Koopmans' theorem, the experimental p.e. spectrum would lead to an erdering of the m.o.s. of e 1 g(~-Cp) <e 1 u(~-Cp) <a 1 g(3d) <e 2 g(3d).
However, both small and !arge basis calculations give the highest occupied ni.o. to be the e 1 and e 1 m.o.s. of predominantly cyclopentadienyl ~-character, the Metal a g and e 2 m.Q.s. being more tightly bound by 3-4 eV (Table 6 ). This discrep~Hcy aris~s from the result which has already emerged from our discussion of the spectra of Ni(C0) 4 and Fe(C0) 2 (N0) 2 namely, that there is considerably more orbital relaxation associated with ionization from ttie localized metal orbitals than from the delocalized ligand orbitals. When such orbital relaxation is included by means of t.SCF calculations zhe ground state of the ferrocenium ion i~ correctly predicted to be E 2 , with its first excited state to be A 1 , both states arising from ion~zation of the predominantly metal orbitajs (12,13). The third and fourth states of Fe(Cp) 2 + ~re predicted to arise from ionization from the e 1 and e 1 ~-orbitals or the ligand, in agreement with the experimenta~ assigftiknt of the p.e. spectrum. There is thus some 6-7 eV relaxation energy arising from ionization of the metal m.o.s. compared with only ~o.5 eV from ligand orbital ionization. It is this differential relaxation that causes the Inversion of the metal and ligand levels from that given by Koopmans' theorem. In the case of ferrocene, calculations using both a near-minimal (13) and an extended basis (12) yield essentially the same values for the relaxation energy showing that the striking differential relaxation effects that we have discussed are not artefacts of the basis set used in the molecular calculation. It may be noted here that the widely used MS-Xtl method, using "muffin tin" potentials incorrectly predicts the first i.p. of ·ferrocene to be from the a (3d) m.o. (14), whilst both minimal and extended basis ab-initio calculat~ons correctly predict the first ionization to arise from the e 2 qm.o.
The large relaxation energies associated with meta1 orbital ionization in these transition metal complexes are found to be molecular in origin, for the calculated relaxation energies for 3d ionization from Ni and Fe atoms are 3.4 and 2.5 eV, considerably less than the molecular values (9). In cantrast the mo1ecular ligand relaxation energies are the values expected frorn the corresponding atorn values. Such large values for the relaxation energy associated with rnetal orbital ionization arise frorn the ligand to rnetal change transfer which occurs upon rnetal orbital ionization. This leads to essentially the sarne iron atorn charge in neutral ferrocene and all its valence ionic states (12) . Such charge transfer is shown pictorially by rneans of density difference rnaps for ionization frorn Co(C0) 3 No (9).
The differential orbital relaxation that we have described frequently rneans that orbital energy diagrarns cannot be obtained directly frorn p.e. spectra of transition rnetal cornplexes. Such an effect has been noted by us for a variety of cornplexes (e.g. Co(C0) 3 No (9), Cr(C 6 H 6 ) 2 , Cr(C0) 3 (C. 6 H 6 ) (15), Fe(C0) 3 (CfH&) (16) , and by oth~r groups, part1cülarly Veillard and coworkers (N (c H) (17), Cucl 4 2 (18)). It would thus appear that for rnany transition rneial ~ornplexes an interpretation of their p.e. spectra is possible within the Hartree-Fock approxirnation as long as orbital relaxation effects are considered explicitly, correlation effects being apparently relatively unirnportant, at least as far as the relative energies of ionic states are concerned.
I shall now consider an interesting situation that we have been studying recently where correlation, rather than relaxation effects prevent a Straightforward interpretation of p.e. spectra in terrns of Kooprnans' theorern.
The photo-electron spectra of dirnolybdenurn and dichrorniurn cornplexes
We will 4~i scuss cornplexes containing the rnetal-rnetal bonded entities cr 2 4 + and Mo 2 , particularly the dirnolybdenurn(II) and dichrorniurn(II) tetra-pcarboxylates. In these rnolecules simple rnolecular orbital conside2aii~ns lead to a description of the rnetal-rnetal interaction in terrns of a ~ a quadrup1e bond configuration (19), and it is anticipated that p.e. spectroscopy will provide data on the energies of these rnetal-rnetal bonding orbitals.
In the case of the dirnolybdenurn cornplex Mo (0 CH) an ab-initio Hartree-Fock calculation (Table 7) leads to a straightf6rw&rd fnterpretation of the p.e. Na02 CMe spectnm/eV Figure 6 . Photoelectron spectrum of (a) cr 2 to 2 cMe) 4 , (b) Mo 2 (o 2 cMe) 4 (22), and (c) Na0 2 CMe that in the case of the chromium complex a broad band occurs in the region of the metal ionizations compared with the two distinct bands in the case of the molybdenum complex. Theoretically, the interpretation of the metal ionizations in the chromium complex is not as Straightforward as for those of the molybdenum complex (23,24). At the single determinantal level, where correlation effects are ig2or~d! t2e ground state of the molecule is predicted to be the no-bond a a* a a* configuration. However, when correlation effects are allowed tor in the quadruple bond configuration, by allowing to m~x w~th ~t, 2onfigu2ati~ns generated from it, by excitations of the type a +a* , ~ +~* and ö +ö* (as well as other configurations), then the ground state is predicted to be such a multideterminantal wavefunction. However, the quadruple bond configuration contributes only 16% to such a wavefunction so that it is quite inappropriate to use Koopmans' theorem to interpret the observed p.e. spectrum (Table 8) . When the intra-pair correlation effects are included by means of the anti-symmetric product of strongly orthogonal geminals (APSG) method, the i.p.s given by Koopmans' theorem may be corrected by means of estimated pair correlation energies leading to the prediction that the three i.p.s due to the !S,w and a metal-metal bonding orbitals are close tagether and lie under the first broad band in the p.e. spectrum (25) . Such a prediction is in line with considerations of the shape of this band which lead to the conclusion that it contains at least three ionizations (22) . As in the case of Mo (0 CH) this assignment is at variance with the MS-Xa calculations which as~ig~ onfy the 8 and 1r ionizations to this band and place the a ionization to higher energy (26). This latter assignment is also given by the application of Koopmans' theorem to the quadruple bond configuration. However, such an interpretation is erroneous due to neglect of correlation effects.
Cerrelation effects .are expected to be especially important in the dichromium complexes, which in general have rather langer metal-metal bonds than the dimolybdenum complexes (the metal-metal bond length in cr 2 (o 2 cMe) 4 is 2.29_R compared to 2.09 R in Mo 2 (0 CMe) } due to the inability or tfie single determinantal molecular orb~tal ~ethod to correctly describe dissociation.
This drawback is severe for multiply bonded Situations such as the metalmetal quadruple bond, especially at langer bond lengths.
In this brief review we have seen that the interpretation of the valence p.e. spectra of transitian metal complexes is rather more complicated than is usually the case for molecules containing only first and second row atoms. There are thus Situations where relaxation and correlation effects are of crucial importance. However, these effects can be rigorously, and as I hope I have shown, successfully treated within the framewerk of all electron ab-initio calculations •
